Biotransformations of monoterpenoids by Spodoptera litura are reviewed. Various substrates used for the transformations are included in this review of the literature for the period 1996-2006. The metabolism of monoterpenoids in S. litura may involve the following transformation; 1) position specific hydroxylation of Me or CH 2 group; 2) formation of allylic alcohol by hydroxylation; 3) C=C epoxidation followed by hydration to a vicinal diol; 4) oxidation of a primary alcohol to a carboxylic acid.
Terpenoids are known not only as raw materials for flavor and fragrance, but also as biologically active substances. Most of the biologically active terpenoids are produced as plant secondary metabolites, and these compounds have been shown to have biological activity against plants, microorganisms, and insects. Various attempts have been made to find new biologically active terpenoids.
However, it is difficult to produce such active compounds by organic synthesis. Biotransformation is one of the ways to produce biologically active terpenoids. The characteristics of biotransformation are as follows: regio-and stereo-selective reactions under mild conditions, and the easy production of optically active compounds.
Biotransformations of monoterpenoids by bacteria, fungi, yeasts and even algae have been demonstrated. However, there are few reports of biotransformation of monoterpenoids by lepidoptera insects [1] . The reasons for using the larvae of Spodoptera litura as a biological catalyst are as follows: lepidopteran larvae feed on plants contained terpenoids and therefore possess a high level of enzymatic activity against these compounds; the worm consumes a large amount of plant material, and it is possible that they produce new metabolites.
This review summarizes the advances in the biotransformation of monoterpenoids by the larvae of the common cutworm (S. litura). CH Acyclic skeleton: Myrcene (1) is an aliphatic hydrocarbon with two conjugated and one nonconjugated C=C bond(s). This compound constitutes up to 50% of the essential oil of hops, and is found in beer.
Biotransformation of monoterpenoids by S. litura
In the biotransformation of 1, the two metabolites isolated from the frass were identified as myrcene-3(10)-glycol (2) and myrcene-1,2-glycol (3) (Scheme 1) [2] . Compound 2 was produced by oxidation at the 3,10-double bond of 1. The formation of the diols clearly involved the corresponding epoxides as intermediates. Transformation of 3 by other organisms has been reported [3, 4] .
After administration of (-)-dihydromyrcenol (4) to S. litura, the two metabolites isolated from the frass were identified as 1,2-epoxydihydromyrcenol (5) and 3-hydroxydihydromyrcenol (6) (Scheme 2) [5] . Compound 5 was produced by oxidation of the 1,2-double bond of 4, and compound 6 by oxidation at the C-3 position of 4.
In the case of (-)-dihydromyrcenyl acetate (7) , the five metabolites isolated from the frass were identified as 1,2-dihydroxydihydromyrcenyl acetate (8), 3-hydroxydihydromyrcenyl acetate (9), 1,2-epoxydihydromyrcenol (5), 3-hydroxydihydromyrcenol (6) and 4 (Scheme 2) [5] . Compound 8 was produced by oxidation of the 1,2-double bond of 7, and metabolite 9 by oxidation at the C-3 position of 7. Compounds 5 and 6 were produced by deacetylation and by oxidation, but 4 only by deacetylation. There was a tendency to oxidize regioselectively at the C-3 position of 4 and 7. Also, two metabolic pathways were detected with the biotransformation of 7 involving deacetylation followed by oxidation. The major metabolic pathway resulted from oxidation. Scheme 2. Metabolites of (−)-dihydromyrcenol (4) and (−)-dihydromyrcenyl acetate (7) by the larvae of S. litura Compounds 4 and 7 appear to produce different metabolites with Glomerella cingulated. However, they have a similar metabolic pathway (oxidative position and deacetylation) [6] . Geraniol (10) occurs in numerous terpene-containing essential oils, frequently as an ester. Palmarosa oil contains 70-85% geraniol; geranium oils and rose oils also contain large quantities. Compound 10 was transformed to 8-hydroxygeraniol (11), 9-hydroxygeraniol (12), (2E,6E)-8-hydroxy-3,7dimethyl-octadienoic acid (13) , (2E,6E)-3,7dimethyl-octadiene-1,8-dioic acid (14) and (2E,6Z)-3,7-dimethyl-octadiene-1,9-dioic acid (15) by S. litura (Scheme 3) [7] . There was a tendency to oxidize at the C-1, C-8 and C-9 positions of 10. Also, there were two metabolic pathways involved with the biotransformation. The major pathway involved oxidation of 10→11→13→14. On the other hand, oxidation at the C-1 and C-9 positions is the minor metabolic pathway (10→12→15). In the biotransformation of 10 by suspension cells of Catharanthus roseus, compound 11, 8-hydroxycitronellol and 8-hydroxynerol are produced [8] . The suspension cell cultures of plants (Achillea millefolium, Rosa centifolia, Anethum grareolens and Vitis vinifera), failed to oxidize the C-8 position of 10, and instead preferred to oxidize the primary alcoholic group to citral and the interconversion of 10 into nerol [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . In the case of microorganisms, oxidation of the primary alcohol group to a carboxy group was achieved [19] [20] [21] [22] [23] [24] . The rat transformed 10 to compound 11, 8-carboxygeraniol, 14, geranic acid and 3-hydroxycitronellic acid. Oxidation at the C-1 and C-8 positions (primary alcohol and allylic methyl group) were involved in the metabolic pathways in rat [25] .
p-Menthane skeleton:
Limonene is the most widely distributed terpene in nature after α-pinene. The (+)-isomer (16) is present in Citrus peel oils at a concentration of over 90%; a low concentration of the (−)-isomer (19) is found in oils from Mentha species and conifers. In the biotransformation of 16, the two metabolites isolated from the frass were identified as (+)-(4R)-p-menth-1-ene-8, 9-diol (17) and (+)-(4R)-p-mentha-1,8-dien-7-oic acid (18) (Scheme 4) [26] . In the case of 19, the two metabolites isolated were identified as (−)-(4S)-pmenth-1-ene-8, 9-diol (20) and (−)-(4S)-p-menth-1,8dien-7-oic acid (21) (Scheme 5) [26] . Metabolites 17 and 20, as a mixture of diastereoisomers, were identified by comparison of their 1 H NMR spectroscopic data with those in the literature [27] . Compound 17 was a 6: 4 mixture of (4R,8R)-and (4R,8S)-forms; on the other hand, 20 was a 6: 4 mixture of (4S,8R)-and (4S,8S)-forms. Species of microorganisms and mammals have similar metabolic pathways (oxidative positions). In general, oxidations at the 1,2-double bond, C-7 position, and C-6 position are the main metabolic pathways in the biotransformation of limonene by microorganisms [25, [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] . On the other hand, oxidations at the 8,9-double bond and C-7 position are the main pathways in the biotransformation of limonene by mammals [38] [39] [40] [41] [42] [43] . (22) is a widespread terpenoid contained in such plants as Citrus, Eucalyptus, Juniperus and Pinus species. In the biotransformation of 22, the four metabolites either isolated from or detected in the frass were identified as 4-isopropyl-1,3cyclohexadienemethanol (23), 4-isopropyl-1,3cyclohexadienoic acid (24) , cumic alcohol (25) and cumic acid (26) (Scheme 6) [44] . Aerobically and anaerobically active intestinal bacteria transformed 22 to 23, and p-cymene, respectively. In the rabbit, a glucuronide was produced by oxidation at the 1,2-double bond of 22, and the fungus, Corynespora cassiicola, produced a diol by oxidation at the 1,2-double bond [45] . γ-Terpinene (27) is a constituent of many essential oils and, (−)-α-phellendrene (30) is found in oils such as pimento, bay, and Eucalyptus phelandra. In the biotransformation of 27, the two metabolites isolated from the frass were identified as p-mentha-1,4-dien-7-oic acid (28) and p-cymen-7-oic acid (29) (Scheme 7) [46] . Compounds 28 and 29 were produced by oxidation, which was the only metabolic pathway. In the case of 30, the two metabolites isolated from the frass were identified as (4R)-p-mentha-1,5-dien-7-oic acid (31) and p-cymen-7-oic acid (29) (Scheme 8) [46] . α-Terpineol (32) , which occurs in many essential oils, is transformed to p-menth-1-ene-7,8-diol (33) , which is further oxidized to 8-hydroxy-p-menth-1-en-7-oic acid (34) (Scheme 9) [48] .
In the biotransformation of 32 by suspension cells of Nicotiana tabacum, 33, trans-6-hydroxy-α-terpineol, and cis-6-hydroxy-α-terpineol are produced [49] . In the case of rat, 32 is transformed to 34, p-menthane-1,2,8-triol and 8-hydroxy-p-menthan-7-oic acid. Oxidation of the allylic methyl group and reduction of the endocyclic double bond are the metabolic pathways in rat [50] . With Armillariella mellea, oxidation at the C-6 position and of the 1,2-double bond is the metabolic pathway [51] . (35) is a major component of various mint oils. In the biotransformation of 35, the one metabolite isolated from the frass was identified as (+)-7-hydroxymenthol (36) (Scheme 10) [52] . Similarly, in the biotransformation of (−)-menthol (37), the one metabolite isolated from the frass was (−)-7-hydroxymenthol (38) (Scheme 10) [52] . Compounds 35 and 37 were converted to their corresponding ketones by the cultured cells of Nicotiana tabacum. Glycosylation of the hydroxyl group is the main metabolic pathway in the biotransformation of 37 by Eucalyptus perriniana cultured cells. Hydroxylation at C-7 and C-9 is the main metabolic pathway in the biotransformation of menthol by Aspergillus species. Oxidation of the methyl and isopropyl groups occurs after daily administration of menthol to rats [53] [54] [55] [56] .
(R)-Terpinen-4-ol (39) has been isolated from oils of Eucalyptus dives, Xanthoxylumrhetsa, and other species. On the other hand, (S)-terpinen-4-ol (41) occurs in many essential oils, for example, lavender, and Cupressus macrocarpa. In the biotransformation of (R)-terpinen-4-ol (39), the one metabolite isolated from the frass was identified as (R)-p-menth-1-en-4,7-diol (40) (Scheme 11) [57] . Similarly, in the case of (S)-terpinen-4-ol (41), the one metabolite isolated was (S)-p-menth-1-en-4,7-diol (42) (Scheme 11) [57] .
The C-7 position of 39 and 41 were preferentially oxidized, as in the biotransformations of 32, 35 and 37. Hydroxylation at C-1 and C-2 is the main metabolic pathway in the biotransformation of 39 by Gibberella cyanea DSM 62719 [58] . Bicyclic skeleton: Camphor is isolated from the camphor tree (Cinnamomum camphora) and is one of the major constituents of the essential oil of common sage (S. officinalis). In the biotransformation of (+)-(1R)-camphor (43), the three metabolites isolated from the frass were identified as (+)-(1R,5S)-5-endohydroxycamphor (44), (+)-(1R,5R)-5-exo-hydroxycamphor (45) , and (+)-(1R,7R)-5-exo-hydroxycamphor (46) (Scheme 12) [59] . In the case of (−)-(1S)-camphor (47), the three metabolites isolated were identified as (−)-(1S,5R)-5-endo-hydroxycamphor (48), (−)-(1S,5S)-5-exo-hydroxycamphor (49), and (−)-(1S,7S)-5-exo-hydroxycamphor (50) (Scheme 12) [59] . Compounds 43 and 47 are hydroxylated at C-5 and at the geminal dimethyl group (C-8 position). These are faraway from the C=O group. From the urine of dogs fed camphor, a glycosidic substance was obtained, which was shown to be a mixture of glucuronides of hydroxycamphor. The primary metabolite was 5-exo-hydroxycamphor. The hydroxycamphors obtained from the hydrolyzed urine of rabbits that had been fed (+)-and (−)-camphor were identified as 3-and 5-endohydroxycamphor. Also demonstrated was the reduction of (+)-camphor to (+)-borneol in vivo in rabbits [60] .
In Pseudomonas putida, which can employ (+)-camphor as its sole carbon source, cleavage of the bicyclic skeleton of the monoterpene is initiated by hydroxylation at the C-5 exo position, with the subsequent formation of 5-oxocamphor, followed by lactonization reactions; in some instances, lactonization may precede C-5-hydroxylation. P. putida produced 8hydroxycamphor as a minor metabolite; however others did not [61] [62] [63] [64] [65] [66] [67] . In the case of (−)-(1S)-fenchone (57), the three major metabolites isolated from the frass were (−)-(1R,6R)-6-exo-hydroxyfenchone (58) , (−)-(1S)-10hydroxyfenchone (60) , and (−)-(1R,5S)-5-exohydroxyfenchone (61) . Of the minor metabolites, two have been tentatively identified as (−)-(1R,6S)-6endo-hydroxyfenchone (59) and (−)-(1R,4S)-methyl-3-oxo-2,2,4-trimethyl-cyclopentylacetate (62) (Scheme 14) [68] .
Compound 51 was predominantly hydroxylated at C-6 exo , but, on the other hand, in the biotransformation of 57, hydroxylation was predominantly at C-10. In Corynebacterium sp., Baeyer-Villiger type oxidation occurred and the compounds obtained were 1,2-and 2,3-fencholieds [69] . The mycelium of Absidia orchidis produced 5-exo-and 6-exo-hydroxyfenchone, both enantiomers [70] . glycosides at the C-5 exo , C-6 exo and C-7 positions. The first step of the biotransformation was supposed to be hydroxylation of fenchone [71] . The hydroxyfenchones obtained from the bioconversion of (+)-fenchone in Aspergillus niger were identified as 5-endo-and 6-endo-hydroxyfenchone [72] . The hydroxyfenchones obtained from the hydrolyzed urine of rabbits that had been fed (+)-fenchone were identified as 8-, 9-and 10-hydroxyfenchone [73] .
In the biotransformation of (+)-(1R,2S)-fenchol (63), the four metabolites isolated from the frass were identified as (+)-(1R,2S)-10-hydroxyfenchol (64) Intestinal bacteria: A previous paper described the participation of aerobically and anaerobically active intestinal bacteria in the metabolism of α-terpinene [44] . On the other hand, in vitro metabolism of other substrates by intestinal bacteria was also examined in a manner similar to that of the previous paper. However, substrates were not metabolized at all under either aerobic or anaerobic conditions. These results suggested that the intestinal bacteria did not participate in the metabolism of other substrates.
Conclusions
As can be seen from the examples given above, S. litura possesses considerable biochemical ability to transform xenobiotic substrates, such as various organic compounds. The metabolism of monoterpenoids by S. litura may involve the following transformation; 1) position specific hydroxylation of Me or CH 2 group; 2) formation of allylic alcohol by hydroxylation; 3) C=C epoxidation followed by hydration to a vicinal diol; 4) oxidation of a primary alcohol to a carboxylic acid. Therefore, biotransformations by S. litura are natural modifications of molecules to give compounds possessing useful properties.
Fundamental information, such as the reaction types, stereospecificity and regioselectivity in the biotransformation of exogenous compounds, is essential for the development of the investigations.
Development of methods to utilize the multi-reaction processes will be necessary for the practical applications of biotransformations with this insect.
